We demonstrate the optical characteristics of YVO 4 :Eu 3+ phosphor in close proximity to Ag nanofilm to create a highly efficient emitting layer in mirror-type self-emissive displays. The propagating surface plasmon mode induced between the dielectric layer (MgO) and the Ag nanofilm activates the electric dipole transition of Eu 3+ ions. The transmittance of a 100 nm-thick Ag nanofilm is zero in the visible wavelength range, making this nanofilm a good reflector in the visible wavelength range and capable of fulfilling a mirror function. The emission of an YVO 4 :Eu 3+ phosphor layer with a 100 nm-thick Ag nanofilm was enhanced to the point that it was eight times higher than that of a reference sample without Ag nanofilm. Therefore, the present work shows potential for application to mirror-type displays with high luminous efficacy. for color television," Appl. Phys. Lett. 5(6), 118 (1964). 15. G. Blasse, A. Bril, and W. C. Nieuwpoort, "On the Eu 3+ fluorescence in mixed metal oxides: Part I-The crystal structure sensitivity of thr intensity ratio of electric and magnetic dipole emission," J. Phys. Chem. Solids 27(10), 1587-1592 (1966 
Introduction
Recently, various noble displays, such as transparent displays [1] [2] [3] and flexible displays [4] [5] [6] , have been developed based on conventional flat-panel display platforms. These noble displays allow more freedom in the design of electronic devices. Thus, it is expected that their use will open a new market heralding the replacement of pre-existing components. In the same manner, mirror-type displays are a viable candidate for future displays. Mirrors are common in our everyday life. Mirror-type displays can be widely used in applications requiring the function of a both mirror and a display device simultaneously. A mirror-type display can be fabricated by placing a transparent display device in front of a perfect reflector. Transparent display devices based on AC plasma displays are superior candidates for mirrortype displays due to their simple structure [7] . AC plasma displays do not require thin-film transistors for operation, in contrast to other display platforms, such as organic light-emitting diodes and liquid-crystal displays, which do require these components. Thus, mirror-type displays using transparent AC plasma displays have the advantages of large-scale feasibility and easy fabrication. To develop a transparent AC plasma display, a metal film reflecting visible light must be attached to the back side of a transparent AC plasma display. Moreover, all of the components must be fabricated from transparent materials, including the inorganic phosphor.
Because the use of a transparent inorganic phosphor involves a tradeoff between thickness and photoluminescence, a transparent inorganic phosphor of nanoscale thickness has a performance issue. Therefore, a breakthrough is required to address this low luminescence issue. To achieve this aim, we propose a mirror display structure that uses Ag nanofilm as a reflector. Previous research has shown that propagating surface plasmons originating from metallic film can enhance the fluorescence and phosphorescence from semiconductors, organic molecules, and rare-earth ion complexes [8] [9] [10] . In this paper, we propose a phosphor layer structure as a component of a mirror-type AC plasma display in which Ag nanofilm functioning as a reflector is located near the phosphor layer. The proposed structure can reflect most of the visible light and the luminescence of transparent phosphor can be intensified by the propagating surface plasmon resonance due to the Ag nanofilm.
Experimental
Figure 1(a) shows the proposed emitting layer structure for a mirror-type display. Because mirror-type displays must reflect visible light when their display cells are turned off, all of the components above the reflector must be transparent. Thus, the proposed structure consists of a transparent phosphor layer (top), a dielectric layer (MgO), metallic nanofilm (Ag), and an indium tin oxide (ITO)-coated glass substrate. First, Ag nanofilms were thermally evaporated onto ITO-coated glass substrates. Considering the reflectivity, the Ag nanofilms were deposited from 0 nm to 150 nm. A 20 nm-thick MgO dielectric layer was deposited on the Ag nanofilm using the e-beam evaporation method. Propagating surface plasmons are then induced along the border between the MgO layer and the Ag nanofilm. A 100 nm-thick transparent phosphor layer (YVO 4 :Eu ) was deposited by means of RF magnetron sputtering at 150°C. The doping concentration of the Eu was 5%. The deposition thickness was monitored using a quartz crystal oscillator. The surface morphologies of the evaporated Ag nanofilms were determined via scanning electron microscopy (SEM) with a FEI (Netherlands) Sirion microscope. The transmittance of the fabricated samples was collected by a Shimadzu spectrophotometer (UV-2550, Japan). The emission spectra of the phosphors were acquired by a Hitachi spectrophotometer (F-7000, Japan). Also, the decay times of the phosphors were measured by a time-resolved photoluminescence system composed of a flash Xe lamp (PSI corp., Korea) and a Tektronix oscilloscope (DPO3014, USA). In this case, the emission spectrum and the decay time from the phosphor were evaluated under the illumination of a continuous wave light and pulsed wave light operating at 254 nm UV, respectively. Figure 1(c) shows the transmittance measured from the fabricated samples. While samples 1 and 2 remained transparent at short wavelengths, the transmittances of samples 3 and 4 were zero across the entire visible wavelength. This result indicates that the film must be 100 nm thick for it to function as a perfect reflector. Ag and Au are known to be transition metals for surface plasmon resonance in the visible range. In fact, Au may be feasible for plasmon-resonance with red-emitting materials. However, an MgO dielectric layer with a high refractive index enables the plasmon resonance of Ag to be shifted toward the red emission wavelength, as shown in Fig. 1(d) . The energy dispersion between the metallic film and the dielectric layer was theoretically calculated from the optical constant introduced by Johns and Christy [11] . The relative dielectric constant of MgO was collected by means of a Woollam spectroscopic ellipsometer (M2000D RCT, USA). In this work, we choose Ag nanofilm as a metallic reflector, as it is more cost-effective than Au nanofilm.
Results and discussion: PL spectra of phosphor on Ag films
Figure 2(a) shows the photoluminescence (PL) intensity from the YVO 4 [12, 13] . As shown in Fig. 2(a) , samples having a phosphor/dielectric/Ag nanofilm structure show enhanced emission intensity compared to the reference sample without Ag nanofilm. Figure 2(b) shows the enhancement factors of the integrated PL intensity compared to that of the reference sample. To calculate the enhancement factors, the integrated PL intensity of the samples with Ag nanofilms was divided by the integrated intensity of the reference sample without Ag nanofilm. As a result, the PL intensity integrated over the entire region was enhanced nearly eight-fold relative to the original reading. It is remarkable that the emission intensities of the electric-dipole transition were visibly enhanced. The emission intensities around the peaks governed by the electric dipole transition show a considerable increase, while the emission intensity around 590 nm as governed by the magnetic dipole transition showed only a slight increase. The enhancement factor is maximized at the fourth radiative transition. Also, the enhancement in all of the samples became saturated after the Ag nanofilm reached a thickness of 100 nm. To distinguish the enhancement caused by the reflection of the Ag nanofilm from that caused by the propagating surface plasmon resonance, we carried out a photoluminescence measurement after attaching a metallic reflector onto the backside of the samples. This result is shown in Fig. 2 (c) . When a metallic plate for reflection was attached to the backside of the reference sample, as shown in Fig. 2 (c) labeled as "Ref_b," the magnetic dipole and electric dipole transitions of the phosphor layer both increased until they were 1.5 times higher than that measured without the metallic plate. However, in the case of sample 3, with a 100 nm-thick Ag nanofilm, the emission of the electric dipole transition was increased to a much greater extent than that of the magnetic dipole transition, even when the metallic reflector was present. Considering these results, we concluded that the increased emission from the phosphor layer is not due to the reflection caused by the operation of the mirror but is caused by the propagating surface plasmon-induced luminescence. For a better understanding of this phenomenon, we measured the time-resolved photoluminescence in an effort to prove the existence of the propagating surface plasmon. Fig. 2. (a) Photoluminescence intensity from the emitting layer with the propagating surface plasmonic structure incorporating Ag nanofilms, (b) enhancement factor calculated by dividing the integrated intensity of the sample with Ag films by that of the reference sample without Ag film Figure 3 shows the time-resolved photoluminescence results and the estimated decay time of each sample. Time-resolved photoluminescence was carried out using a pulsed Xe lamp at room temperature (300 K). An oscilloscope was connected to the photoluminescence measurement system to observe the decay of the emission intensity. In Fig. 3(a) , the photoluminescence intensities were normalized by the maximum value of each sample. The decay of the samples with Ag nanofilm was faster than that of the reference sample without Ag nanofilm. Figure 3(b) shows the decay time of the samples. The decay time (τ) is the time required for the emission intensity to be reduced to 1/10 of its initial value [14] . While the decay time of the reference sample was 1.53 ms, those of samples 1 and 2 were 1.37 ms and 1.30 ms, respectively. As the thickness of the Ag nanofilm increases, the decay time is reduced until it finally becomes saturated. We demonstrated a phosphor structure that functions as a mirror via coupling with propagating surface plasmons of Ag nanofilm. We also elucidated the mechanism by which propagating surface plasmons can be used to enhance the luminescence from Eu 3+ -doped phosphor layers. As shown in the emission spectrum, the Eu 3+ -doped inorganic phosphor shows a number of radiative transitions arising from the initial 5 D 0 state to the final 7 F n (n = 1, 2, 3, 4) manifolds [15, 16] . According to a previous theory [17] , the first radiation peak ( 5 D 0 → 7 F 1 ) is predicted to be primarily the magnetic dipole transition. The 5 D 0 → 7 F 2,4 transitions are allowed by the electric dipole transition. The 5 D 0 → 7 F 3 transition is predicted to be summed by the (first-order) magnetic dipole and the (second-order) electric dipole transition. While the magnetic dipole transition is non-sensitive to the charge distribution and the siteasymmetry around the Eu 3+ ion, the electric dipole transition is hypersensitive to the charge distribution and site-asymmetry, which can be modified by the localized and propagating surface plasmon resonance due to the metallic structure. Therefore, we believe that Ag nanofilm inserted as a reflector can enhance the luminescence by means of resonant coupling between the propagating surface plasmons and the electric dipole transition of phosphor materials. Although the 5 D 0 → 7 F 1 transition, governed primarily by the magnetic dipole, seldom increased apart from the increase caused by the mirror reflection, the 5 D 0 → 7 F 3 transition by the (second-order) electric dipole could be enhanced in the same manner as the other electric dipole allowed transitions. As the thickness of the Ag nanofilm increased, the decay time of the luminescence intensity decreased and then remained constant past a thickness of 50 nm. This trend corresponds to the aspect of luminescence. The decrease in the decay time and the increase in the luminescence intensity become saturated when the thickness of the Ag nanofilm exceeds 50 nm. The following equations explain how metal plasmons can modify the intrinsic quantum efficiency and intrinsic decay time [8, 18] :
In Eqs.
(1) and 2, Q 0 and Q m are the intrinsic and modified quantum efficiencies, respectively. Here, Г and k nr are the radiative and non-radiative decay rates, respectively. Also, Г m is the metal-induced radiative decay rate. In addition, τ 0 and τ m refer to the intrinsic and metal-modified decay time. The decreased decay time and increased luminescence in our results are clearly explained by the modified equations. When a light emitter is coupled with surface plasmons owing to the metallic structure, a new radiation transition path will be introduced. That is, the newly induced term k nr causes the quantum efficiency to be increased and the decay time to be decreased. The radiative transitions by the electric dipole can be enhanced by the propagating surface plasmons due to the Ag/dielectric surface. As a result, the Ag nanofilm applied in the proposed structure can enhance the luminescence of rare-earthdoped phosphor.
Conclusion
In summary, we elucidated the optical characteristics of YVO 4 :Eu 3+ phosphor in close proximity to nanoscale Ag film when excited by UV light. The proposed structure has a dielectric layer for a nano-gap between the phosphor and a metallic reflector. Propagating surface plasmons can be generated at the border of the dielectric layer (MgO) and the Ag nanofilm. The plasmons can enhance the luminescence from YVO 4 :Eu 3+ by stimulating an electric dipole transition of Eu 3+ ions. Because Ag nanofilms can function as a reflector, we believe that the proposed structure has a strong potential for application to mirror-type displays with high luminous efficacy.
